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El«v«n  U.  S.  Savy  dlvart  ocrfoTMd  coaparatlv*  dynanlc  pulaonary  function 
totts  undor  conditions  of  IncroatinB  donsity  of  tho  rotplrotosy  aodia. 
Variations  In  density  and  vlseoalty  aoro  produced  by  havlnp  tho  aubjocta 
breath  air  and  holluacoicyaon  ailKoa  in  altomato  atudloa  while  belnq 
subjected  succesalvely  to  1  through  15  atmoapherea  absolute  pressure. 

At  1  atai.  ^bs,  th"  r»r»dlf^t«d  oroup  swan  MBC  for  air  was  134,4  LPMi 
rnasur*d  M  C  was  190,1  for  air,  228,4  LPM  for  9Cf(  helium* 2C9(  oxyoen. 

At  2  atai.  abs.  the  MTC  for  air,  was  decreased  below  predicted  normal 
but  not  until  6  a^-m.  abs.  did  the  MBC  for  hellvim-oxygen  decrease  below 
oredicted  normal.  At  15  ^tm,  aba.  the  MBC  was  decreased  to  34, 8M  for 
air,  59.8^  *ot  He02,  The  timed  vital  capacity  curve  showed  a  prooresslve 
flattenlno  er.n«ciallv  of  the  first  second  Interval.  The  mean  MEF 
(evstained  C.2  sec.)  '“U  from  421  U>M  to  140  L?M  for  air,  and  548  L?M 
to  223  !.P:  'o*  HeO,;  (pr-2^0 

Subs^itut’o'’  '»V<  heMti— 5<  oxygen  at  15  atm.  abs,  produced  significantly 
loss  varlat’o*'  fr<^  normal  in  all  parameters  '-easured.  Mean  fioun  i  were 
76.'''-  o'  ''TP'JlctecI  .'"'C,  7'',^  first  second  T'/C,  and  an  MEF  .  *  281  TPM. 

The  increased  wo-k  o'  breathing  accompanying  Increased  density  of  the 
resoirator''  ned'a  orobahly  accounts  for  the  relative  decrease  in  RMV 
nrevio  jsly  obser  ed  in  Mnderwater  swimmers.  Hioh  oxyoen  oartial  pressure, 
increased  work  o'  hreathino  ar  hypercaonla  provide  the  Ideal  settlno  for 
oxvcen  toxicity.  Hellur-oxyoen  mixtures  oro''lde  a  rore  ideal  respiratory 
media  than  nltrogen-oxyren  mixtures  for  marked  hyperbaric  conditions, 
esoeclal’v  under  circumstances  reouirino  hioh  f’ow  rates  and  large  resplr- 
ntorv  rln'ite  '  olvres. 
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Tb«  capacity  of  tha  vantilatery  apparatus  tan  ba  *waiuatad  by  tha  uta 
of  MhUMB  affert  dynaaie  vantilatery  tests.  These  tests  da  net  give 
i  direct  anaeer  as  te  the  re^anse  of  the  resplratary  apparatus  under 
a  specific,  suhMxlMl  stUwlus  but  they  da  define  the  upper  Halts 
af  ventHatary  capacity.  Tha  aaxlsaas  breathing  capacity  (NC),  tlc^ 
vital  capacity  (TVC) ,  and  naxisMa  sustalnsd  expiratory  flea  rate  (MF) 
s/u  three  such  tests.  Ahv  factor  ahlch  reduces  tha  ability  te  perfara 
Ittsse  function  tests  can  be  considered  to  reduce  tha  overall  capacity 
Ok  the  coapaslta  respiratory  apparatus.  As  density  and  viscosity 
of  ihe  respiratory  aedla  change  one  night  expect  an  influence  on  the 
ventilatory  capacity. 

Eleven  trained  subjects,  deep  sea  divers,  aero  selectpd  on  the  basis 
of  norvcal  pulnonary  function.  Their  MBC,  T/u,  and  MF  aero  coapared 
at  surf.  -■«  (l  atsMsphs're  absolute)  alth  perfomance  of  the  same 
tests  at  increasing  barometric  pressure  through  15  atmospheres 
absolute.  A  coaparlson  aas  aade  between  air  and  hellua^oxygen 
alxturet  as  respiratory  media. 

There  aas  a  striking  decrease  in  all  parameters  measureds  The  MBC 
mean  decrease  mas  I8.0SI  at  2  atmospheres,  44.29K  at  6  atmospheres 

and  66.89K  at  15  atmospheres  mhilc  breathing  helium  compared  to 
a  much  greater  decrsc'^a  while  breathing  alrt  22.Sfl(  at  2  atm., 

55.8SK  at  6  atm,  a  75  at  15  atm.  At  15  atmospheres  with  a 
mixture  of  9^  helium,  oxygen  the  mean  percentage  decrease  in 
MBC  was  only  54. 4X.  The  timed  vital  capacity  was  grossly  altered, 
mainly  at  a  reduction  in  the  first  second  segment.  Air  produced 
a  greater  reduction  than  did  helium-otygen  mixtures.  The  MEF  was 
decreased  to  a  mean  of  140  LPM  at  15  atmospheres  with  air  and  to 
a  mean  ot  223  LPM  with  80K  heliua~2C9(  oxygen  at  15  atmospherea. 

The  overall  reduction  in  ventilatory  capacity  Is  probably  the  reault 
or  increasing  density  of  the  respiratory  media  with  Increasing  barometric 
pressure,  and  is  most  likely  mediated  through  Increcscd  turbuience  of 
the  gases  in  accordance  with  Reynold's  nSirber. 

The  Influence  of  the  increased  work  of  breathing  account*  for  the 
previously  observed  decreased  RMV  and  hypercapnia  in  underwater 
swimmers.  This  effect  is  potentiated  by  the  high  ;  Jrtlal  pressure  of 
oxygen  which  exists  during  diving.  There  may  he  an  additional  role 
of  the  increased  work  of  breathing,  carbon  dioxide  retention,  and 
high  oxygen  partial  pressure  Ir  producing  oxygen  toxicity. 

It  Is  recommended  that  helium-oxygen  mixtures  be  used  instead  of 
nitrogen-oxygen  in  mixed  g?s  diving  in  order  to  decrease  the  work 
of  breathing,  provide  better  alveolar  ventilation  and  decrease  the 
danger  of  potential  oxygen  convulsions.  Recoawtendation  is  made  that 
further  research  be  carried  out  to  develop  H0O2  technloue?  and  equipment, 
and  to  further  evaluate  the  physiologic  parameters  of  heliim  breathing 
i:  compared  to  other  respiratory  oases. 
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MMINISniATIVE  IIPORMATION 


This  study  MS  eenduetsd  uiMter  Project  NS  IS^OOS  Subtssk  S  Tost  13  and 
is  part  of  tha  overall  effort  of  the  U.  S.  Navy  Experlswntal  Divlns 
Unit  to  contribute  to  the  Infonaatlen  on  physiologic  parasoters  of 
diving.  Specif leal ly,  the  testa  are  applicable  to  the  use  of  various 
respiratory  nedla  In  scuba  and  the  capability  of  the  respiratory  apparatus 
during  dlvss  to  great  depths. 

Nork  was  begun  on  this  study  In  October  1961  and  was  coepleted  In  Nsreh 
1962. 


ESTIMATED  MAlS>OaER  REOUIRBlENrS 


Description 

Hinhfluri 

Diving 

500 

Data  Handling 

200 

Literatuie  Review  and  Writing 

150 

Drafting 

10 

Clerical 

50 

TOTAL 

860  hrs. 

This  data  was  presented  at  the  AMrican  Medical  Association,  Scientific 
Assenbly,  Section  on  Military  Medicine,  Joint  Meeting  with  the  Section 
on  Diseases  of  the  Chest,  Chicago,  Illinois,  27  June  1962. 


The  outstanding  co-operctior.  and  efforts  cf  LTJG  Joseph  L.  REYNOLDS, 
MSC,  USN  and  VAIL,  John  R.,  «CA(DV) ,  U£N  for  their  participation  as 
testers  in  addition  to  their  other  duties  is  gratefully  acknowledged. 
Special  thanks  a'-e  due  all  the  divers  and  staff  of  EDU  for  their 
co-operation  as  subjects  and  chamber  operators. 
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1.  IHTRODUCTION 


1 . },  Background 

1.1.1  The  Mxlnua  br«athing  capacity  (naxlaiuffl  voluntary  ventilation), 
tlMd  vital  capacity,  and  maxinun  flow  rates,  at  measures  of  dynamic 
pulmonary  function,  are  reflections  of  the  working  limits,  or  ventilatory 
capacity,  of  the  anatomical  respiratory  apparatus.  These  tests  set 

the  upper  limit  of  the  respiratory  pump.  Although  the  si.me  level  of 
function  it  seldom  or  never  used  in  normal  physiological  requirements 
these  measure  ‘its  are  useful  tools  in  ascessing  pulmonary  function 
becaut«  a  reduction  in  these  parameters  is  almost  certain  to  be  reflected 
in  apv  chinge  in  the  efficiency  of  the  composite  apparatus-  The  techniques 
utili.'  In  these  dynamic  measurements  are  simple  and  require  relatively 
•..impls  i.istrumentat^on  in  the  clinical  setting.  The  same  it  npt  true 
of  many  of  the  more  complex,  often  confusing,  performance  measurements. 

1.1.2  In  addition  to  the  intrinsic  nisto-pathological  processes  which 
may  reduce  the  ability  to  move  air  into  and  out  of  the  lungs,  certain 
other  factors  internal  and  external  to  the  subject  may  reduce  the  ven¬ 
tilatory  capacity  by  ‘nfluencing  the  airway  resistance.  Airway  resistance 
is  dependent  not  only  upon  the  anatomical  state  of  the  conducting  air 
passages  b  t  also  upon  the  non-elastic  resistance  to  air  flow.  In  the 
i-impletely  healthy  and  fully  co-operative  subject  the  ventilatory  capacity 
cr  .he  vespiratory  pump  is  alrrosL  wholly  dependent  upon  the  non-elastic 

V.  --W  '  .  re*l  stance.  Under  these  il”'"  mstances,  airway  resistance  is 
1  ;ly  deper  lent  upon  the  sun  cr  tn€  oro^ct  of  the  velocity  of 
ipiratory  medi  and  the  viscosity  and  density,  respectively.  The 
-se  of  airway  resistance  may  be  inferred  by  changes  in  the  maximum 
''«thing  capacity,  timed  vital  capacity,  and  maximum  flow  rates. 

1.1.3  Deep  sea  divers  ha  s  recognized  for  many  years  the  subjective 
sensation  of  “thick"  air  and  have  commented  upon  the  reduced  ability  to 
hyperventilate  while  breathing  compressed  air  at  several  atmospheres 
ambient  pressure.  Many  investigators  have  mentioned  the  probable  reduction 
't  ventilatory  capacity  due  to  the  added  work  of  breathing  dense  air. 

There  appears  to  have  been  very  little  actual  investigation  of  the 
physiological  alterations  produced  by  this  phenomenon. 

1.1.4  The  mathematical  expression,  AP  =  K,  (V)+  K.^  (V),  as  oroposed 

by  Rohrer,  is  most  commonly  accepted  a^  recre'T*rtlno  the  physiological  flow 
conditions  at  one  atmosphere  absolute  ambient  pressure.  In  this  formula 
AP  is  the  expresjion  of  driving  force  producing  air  flow  from  a  high  to 
a  low  pressure,  V  expresses  the  velocity  flow  of  the  gases  and  and  K 
are,  respectively,  laminar  and  turbulent  flow  constants.  In  the^suggested 
formula  K  ,  the  constant  for  laminar  flow,  is  the  function  of  the  viscosity 
of  the  gal  whereas  Kj  the  constant  for  turbulent  flow,  is  density  c»penu.«nt. 
It  was  originally  assumed  that  the  predominant  flow  pattern  in  the  respir¬ 
atory  passages  is  laminar  and  that  turbulent  flow  exists  only  at  points 
of  cross  sectional  change  and  normal  anatomical  airway  irregularities. 

This  assumption  was  probably  erroneously  drawn  due  to  incorrect  evaluation 
of  velocity  air  flow  in  the  air  passages.  It  seems  likely  that  the 
predomiant  flow  is  turbulent  and  is  present  even  in  the  straight  air 
oassages  13',., 

1.1.5  If  healthy,  physically  fit  subjects  with  a  more  than  usual  demand 
on  their  respiratory  apparatus  are  subjected  to  changes  in  density  and 
viscosity  of  the  respiratory  media  one  would  expect  to  see  a  rather 
marked  influence  Upon  the  capacity  of  the  respiratory  pump  proportional 
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in  tone  manner  to  the  degree  of  change  and  Influenced  by  the  velocity  of 
air  flow. 

1.2*' (2l2it£Uvi 

1.2.1  Because  of  the  need  for  deep  diving  operations  by  the  U.  S.  Navy 
and  the  need  for  heavy  work  capability  necessitating  large  flow  rates 

for  adequate  alveolar  ventilation,  it  is  important- to  know  the  limitations 
imposed  upon  and  by  the  human  respiratory  apparatus  under  these  conditions. 
Customarily^  compressed  air  Is  utilized  as  a  respiratory  medium  in  dives 
to  200  ft.  (7  atm.  abs.  pressure)  and  helium-oxygen  mixtures  are  sub¬ 
stituted  below  this  depth  because  of  the  narcotic  effect  ascribed  to 
^nitrogen.  We  have  little  information  on  the  effects  of  air  or  helium  on  the 
ventilatory  dynamics  below  this  depth  and  no  comparison  of  the  various  media 
in  the  more  shallow  depths.  Miles  (l)  reported  mean  percentage  reduction 
in  maximum  breathing  capacity  of  51.7%  at  200  ft.  sea  water  equivalent 
depth,  breathing  air,  a  mean  percentage  reduction  in  MBC  of  27. 3X  at 
33  ft.  (2  atm.  abs.)  and  48.^  reduction  at  99  ft.  (4  atm.  abs.).  No 
measurement  of  flow  rates  was  made  and  there  was  no  coaq>arison  with 
helium  mixtures.  He  calculated  a  reduction  in  KBC  of  approximately  75X 
and  60%  with  air  and  with  helium-oxygen  (92-E%) ,  respectively,  at  594  ft. 

(l9  atm.  abs.).  Marshall,  Lanphier,  and  Dubois  (2)  found  a  linear 
decrease  In  the  maximum  expiratory  How  rate  with  increasing  depth  despite 
a  greater  exerted  ventilatory  pressure  at  depth.  Their  observations 
were  limited  to  three  subjects  at  4  atmospheres  and  one  at  5  atmospheres. 

1.2.2  Because  of  the  need  for  further  understanding  of  the  relationship 

between  increasing  density  of  respiratory  media  and  pulmonary  ventilatory 
capacity  and  the  need  for  guide  lines  in  selection  of  respiratory  media 
for  both  conventional  deep  diving  and  shallow  diving  with  SCUBA  equipment, 
the  present  study  was  undertaken.  '  .i.  . 

2.  METHODS  AND  HRXEDURES 


2.1  Mflthttda 

2.1.1  Maximum  breathing  capacity  (MBC),  timed  vital  capacity  (TVC) ,  and 
maximum  sustained  expiratory  flow  rates  (MEF)  were  perfozmed  by  eleven 
male  subjects  using  a  13.5  liter  capacity  Collins  Respirometer  installed 
in  a  U.  S.  Navy  recompression  chamber.  The  respirometer  was  fitted 
with  1.5  inch  internal  diameter  smooth  rubber  hoses  and  a  large 

bore  directional  breathing  valve.  The  bell  was  chain  balanced  and  since 
all  the  tests  were  of  short  duration,  the  internal  valves  and  carbon 
dioxide  absorption  canister  were  removed  in  urder  to  reduce  inertia 
and  obstructive  resistance  to  a  minimum. 

2.1.2  The  MBC  was  performed  in  the  standard  manner  of  maximum  effort 
for  fifteen  seconds  with  the  subject  choosing  his  own  rate  and  depth 
although  the  extremes  of  panting  and  of  maximum  vital  capacity  were 
avoided.  The  greatest  result  of  duplicate  or  series  tests  was  expressed 
in  liters  per  minute.  The  timed  vital  capacity  was  performed  in  the 
standard  manner  utilizing  the  complete  vital  capacity  and  a  maximally 
forced  exhalation  with  a  record  paper  speed  of  twenty-five  millimeters 
per  second.  The  maximum  sustained  expiratory  flow  rate  was  calculated 
by  analyzing  the  expiratory  volume  flow  curve  for  the  maximum  flow  slope 
sustained  over  a  two- tenths  of  a  second  interval. 
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2.1.3  A  recorded  output  was  obxained  a  lew  mechanical  resistance 
potentiometer  attached  to  the  lejolroffatsr  pulley.  This  output  was 
recorded  by  a  Sanborn  model  15C  receiver-amplifier  and  variable  speed,  hot 
stilus  recorder,  outside  the  ieccmpreislcn  chamber.  The  potentiometer 
output  was  calibrated  for  volume  and  epeec  of  response  against  the 
recording  pen  of  the  Collins  Respiroarelor  preceding  and  following  each 
testing  period, 

2.2  Procedure 

2.2.1  The  experimental  des"  :,r.  f..-,  5‘..w:.  i f  igure  1.  The  subjects 

were  selected  on  the  basis  cf  ''irmal  pulmonary  function  as  determined  by 
lung  volumes  and  respiratory  itKaa.ired  at  one  atmosphere  ambient 

pressure  with  ambient  air  as  the  ..eiulritcry  (Table  l) ..  These 

tests  were  repeated  several  tlmss  ana  servoci  yo  familiarize  the  subjects 
with  the  apparatus  anc  jeveiopeJ  a  •.  ijiipfiixlvy  armosphere. 

2.2.2  The  comparative  tesxs  were  :c.'>d'jrfEC  Ii  five  phases  as  outlined  In 
Figure  1..  The  procedure  was  oasivail,  the  sanie  in  each  phase.  The 
subject  was  comfortable  seated  In  the  reccmpressl.on  chamber  with  the  tester 
acting  as  tender  for  the  subject  and  making  the  necessary  resplrometer 
adjustments  and  manipulations.  A'r  studies  were  conducted  utilizing 
ambient  chamber  air  following  venttlation  of  tre  recumpresslon  chamber. 

The  helium-oxygen  mixtures  for  the  subject,  and  tender  were  supplied  by 
demand  regulators  frojp.  outside  the  chemoer  chreugh  :•  reducing  valve.  At 
one  atmosphere  duplicate  measuresients  c-f  MdC ..  IVC^  end  MEF  were  made  with 
the  subject  breathing  air.  The  suoj-sc*  tiv.n  oreatned  a  helium-oxygen  mixture 
{ecGi-20^  respectively)  fez  a  if  seventy-five  seconds  In  order 

to  wash  out  the  lungs.  (Tnls  ptrlc..  »j  -.per.  circuit  breathing  was  found 
to  reduce  the  previous:/  oreSvhec  nert  iz  cr  less  residual  end 
tidal  fraction.  Fractional  5:ercentag6s  were  determined  by 

chromatography  using  a  Beexmar.  C' 2A  gits  chromatograph  utilizing  Argon 
as  the  carrier  gas.  ••  Ihjrlng  this  ■. I.a:*  ti'e  csster  filled  and  flushed  the 
resplrometer  several  times  with  t-.e  HeO;-  r.iytuffc  The  MBCf  TVC,  and  MEF 
were  then  repeated  in  duplicate  w*'  .  .  .o.-  oygen  as  the  respiratory 

medium.  The  chamber  was  then  pres-.-.;c5c.  frc^  .he  cc.npressed  air  source 
at  a  rate  of  3  to  5  atmospheres  :.a:i-e-2se  !.'i  pressure  per  minute..  The 
subject  and  teeter  oreathed  cnsmc?i-  air  •ror'i-g  pr*-5surIzation.  In  phase  1 
the  chamber  pressure  was  leveled  oM  at  a  ucm.  aosoiute  where  the 
measurements  on  air,  ung  wash-o-.t  •■r?  a  sure  me  its  cn  He02  were  repeated 

In  the  same  manner  as  at  1  atm.  abs  i'-e  cha.ncai  was  then  decompressed 
to  3  atm.  abs,  and  the  same  ordei  a',  teitlng  rspeated  The  same  procedure 
was  followed  at  2  atm.  ibs.  Deccnprosslvn  was  ca.vrlec  out  according 
to  standard  U,  Navy  decompress i  "  iso..s.»  .t'.d  repeat  measurements  were 
made  at  1  atm.  abt  Phase  2  w?:  iesnttv*  .  to  pn.ase  1  except  testing  was 
carried  out  at  1  atm .  and  S  sit.  . 

2.2.3'' -.At.  marked  hyperbaric  pressucsoc  3  and  phase  A,  a  change  In 

procedure  was  necessary  to  preve.'.t  the  occurrence  of  nitrogen  narcosis 
during  pressurization..  Previous  studies  at  the  Experimental  Diving  Unit 
have  shown  that  performance  Is  marKedly  .-npBireC  at  high  nitrogen  partial 
pressure  after  only  2  to  3  minutes..  ThereTorep  the  subject  was  tested 
on  He02  ^8CK-20SI6)  and  then  air  at  i  atm.  and  at  9  and  15  atm.  abs.  In 
phase  3  and  phase  4,  respectively  Djzlng  pressurization  both  the  subject 
and  tester  breathed  He02  by  open  olrcu't  dem.and  system.  Previous 
experience  at  this  laboratory  has  showy-  >:■  adverse  electrocardiographic 
effect  in  suddenly  switching  from  he 1 ' urn-  oxy gen  to  air  as  the  breathing 
med  xum  Sb  IS  atm.,  abs  In  phase  t  t'^e  o/ygen  percentage  was  reduced  from 
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TABLE  1  -  VITAL  STATISTICS  CF  SUBJECTS 
USED  IM  THIS  STUDY*^ 


Mean 

S.D. 

Age 

32.8  yrs. 

3.5 

Height 

69.7  in. 

(177.1  cm.) 

2.3 

(6.0) 

Height 

169  Ibt. 

20 

Body  Surface  Area 

1.93  1^ 

0.19 

*  M  =  11 

• 

Ba'dwln, 

Vedic- 

ne ,  27 : 

1948 
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20%  to  S%  for  measurement  at  15  atm.  abs.  This  necessitated  a  smitch 
froai  the  80%-2C%  HeO^,  on  which  the  pressurization  was  begun,  to  95-5% 

He02  during  the  pressurization.  This  was  accoag>lished  by  c  >^iclc  switch 
outside  the  chamber  at  a  preasure  of  approximately  9  atm. 

3.  RESULTS 

3.1  The  vital  statistics  for  the  subject  group  are  suawMrized  in  Table  1. 

The  subjects  consisted  of  9  U.  S.  Navy  enlisted  men  trained  in  deep  sea 
and  SCUBA  diving  assigned  to  the  U.  S.  Navy  Experimental  Diving  Unit 

and  2  U.  S.  Navy  submarine  and  diving  medical  officers. 

3.2  Table  2  shows  the  mean  performance  for  the  group  at  one  atmosphere 
absolute  with  both  air  and  He02  (80-2C%)  as  the  respiratory  media.  The 
group  was  normal  or  better  on  all  parameters  of  dynamic  pulmonary 
function. 

3.3  There  was  a  reduction  in  all  parameters  measured  with  increasing 
barometric  pressure.  The  subjects  deawnstrated  marked  respiratory  work 
of  all  the  Inspiratory  and  expiratory  awscles  during  these  maxinum  effort 
tests.  Figure  2  is  a  reproduction  of  a  representative  subject's  recorded 
performance.  The  NBC  tracing  on  the  left  shows <  in  addivior.  to  the 
reduced  total  voluma  of  gas  exhaled,  a  progressive  change  from  rapid 
breaths  of  approximately  120  per  minute  and  utilizing  approxisMtely  half 
the  vital  capacity  to  a  slower  respiration,  both  inspiratory  and  expiratory, 
and  a  slight  change  in  tidal  volusM.  The  right  side  of  the  figure  shows  a 
flattening  of  the  timed  expiratory  curve  to  an  obstructive  pattern  with 
increasing  pressure. 

3.4  Naxiwum  breathing  capacity 

3.4.1  There  was  a  progressive  reduction  in  the  actual  measured  NBC  with 
increasing  barometric  pressure.  Figure  3  gives  a  comparison  of  the  percent 
decrease  in  NBC  with  air  and  He02  (80-2C%) ,  respectively,  as  the  respiratory 
media.  The  measurement  at  1  atmosphere  was  considered  to  be  10(K,  i.e. 

no  reduction.  The  rapid  decrease  in  performance  is  apparent  in  the  moderate 
range  down  to  6  atmospheres  absolute  (sea  water  equivalent  depth  of  165  ft.); 
however,  the  curve  has  not  completely  leveled  off  at  15  atmospheres. 
Surprisingly,  the  percentage  decrease  with  He02  is  also  very  striking.  Oxygen 
was  felt  to  play  a  major  role  in  this  reduction;  therefore,  the  studies  at 
15  atm.  were  repeated  with  the  oxygen  fraction  in  the  heliian  mixture  reduced 
to  5%.  This  improved  the  performance  very  significantly. 

3.4.2  Because  the  performance  on  the  He02  mixture  was  so  much  greater  thin 
that  on  air  at  1  atm.,  a  comparison  was  made  in  the  percentage  of  predicts 
NBC  based  on  values  predicted  from  body  surface  area  and  age.  Figure  4. 

The  swan  for  the  group  at  1  atm.  was  135.1%  of  predicted  nonaal  on  arr  and 
171 of  predicted  normal  on  He02.  At  2  atm.  the  group  mean  was  redOced 
to  88.3%  predicted  normal  for  air  ar.d  remained  well  above  predicted  normal 
on  Ha02,  132.2%.  Only  when  the  pressure  had  been  increased  to  6  atm.  abs. 
did  the  values- on  HeOr  fall  below  100%  of  predicted  norsMl.  At  this  depth 
the  MBC  values  were  60.1%  and  95.8%  of  predicted  normal  for  air  and  He02, 
respectively.  At  15  atmospheres  there  was  i  significant  reduction  In  both 
media,  however  76.8%  of  predicted  normal  remained  with  He02  95-5%  as  the 
respiratory  medium. 
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TABLE  2  -  MEASUREMENTS  OF  BASE  LINE  VENTILATORY  DYNAMICS 
COICUCTED  AT  SURFACE  WITH  COLLINS 
13.5  LITER  RESPIROMETER  * 


Mean 

S.D. 

Prcdicttd  Surface  M.B.C. 

134.4  LPM 

8.4 

Measured  Surface  M.B.C.  - 

Air 

180.1  LPM 

27.8 

- 

HeO^  (8OJ(-2O>0 

228.4  LPM 

36.0 

Predicted  Surface  Vital  Capacity 

4246  cc 

118 

Measured  surface  V.C.  -  Air 

4240  CC 

487 

-  HeOj  {8C9{-2090 

4240  .C 

485 

Measured  Surface  M.E.F.  -  Air 

420.6  LPM 

54.6 

-  HeO^ 

{80%-20») 

548.4  LPM 

76.8 

Measured  Surface  Tiawd  Vital  Capacity 

hiL 

HeOj  (80«-2C«) 

Mfiin  iiD. 

Mean 

S.D. 

1  second 

6.8 

85. 0» 

5.8 

2  seconds 

92.3*  3.6 

93.7* 

3.4 

3  seconds 

96.4*  2.1 

^?.0X 

2.2 

M  =  1  1 
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FIGU'  b  2.  imSBfTiTZVI  TBACINQS 
SUBJICT  t  0  E  K 
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liirt,  VUiLffiMfiltY 

3.5.1  Then  wet  a  Mrked  reduction  in  each  segMnt  of  the  tined  vital 
capacity  especially  in  the  1  second  interval,  Figure  5.  WiUi  the 
subject  breathing  air  a  definitely  obstructive  isipainsent  is  produced. 

This  effect  is  evident  even  in  the  swderate  range  of  hyperbaric  pressure 
(less  than  200  ft.  sea  water  equivalent  depth). 

3.5.2  The  three  second  tiaed  vital  capacity  was  less  iag>aired,  indicating 
a  reduction  in  the  peak  expiratory  flow  rather  than  a  reouction  throughout 
the  entire  expiratory  phase. 

3.6  WtulMHi  gmUitOnLgIfiB 

3.6.1  The  MXiMia  expiratory  flow  was  calculated  froai  the  highest  rate 
of  voluawflow  sustained  for  C.2  sec.  and  is  expressed  in  litcrs*per> 

■Inute  flow.  The  values  found  at  one  atmosphere  are  well  within  normal 
range.  Figure  6.  Both  awdia  show  a  rapid  reduction  in  flow  with  increasing 
density  of  the  gases.  However  the  hailum-cxygen  mixture  produces  a  more 
favorable  result  than  a  coa:pa. .nle  nitrogen-oxygen  (tit)  mixture  at  all 
depths  tesosJ.  With  substitution  of  tfie  95-SX  HeQ2  tne  flow  rates  resuin 
near  normal  values  for  flow  when  compared  with  mid-expiratory  flow  while 
breathing  air.  The  flow  raCa  with  95-5iX  He02  Is  slightly  more  than  twice 
that  of  air  when  measured  at  15  atmospheres. 

a,  CiSa;SSi‘> 

4.1  The  overall  affect  of  tne  iitcrease  in  caroaetric  pressure  was  a 
depression  in  all  owasured  pazeoeters  *:  a,‘3'nlc  pulmonary  function  with 
the  deveiopamnt  of  an  oostructive  p«<..e.  Tie  ac.-:  iikely  explanation 
for  this  finding  is  the  increased  ainta..  'S.’i<ei»$ll:  tesistance  secondary 
to  the  increased  canslty  of  tns  resplvfttry  jasesr  This  xesistence  factor 
of  denaity  Is  mest  prcoably  leeoiated  i'roi.g'.  >cxetsed  turbulenca. 

Tha  dacxease  in  ooserved  perfcma.-ice  !»  pcrpcrtlins.  '.o  the  Increaaa  in 
density  though  not  in  a  linear  ni'r.sz. 

4.2  Norkiaen  has  predicted  a  i'.  mfiC  p report Icoei  ts  Increesing 

density  using  the  formtle  l/i/t^nsltv.  Tne  giap.nir  press ''tailor,  of  this 
predicted  deczerer.t  curve  is  give*.  figure  **’.i  figures  agree  fairly 
closely  with  our  cxperiaer.tsx  iinclrgs.  li.e  tec  would  pernapt  fall  more 
closely  together  hen  the  same  case  li^e  ce?  .  used  a»  retere.nce.  Workman 
essuawd  tha  hypethatirai  mar.  to  .nave  lOO  zf  preoicteo  MBC  on  elr  and  a 
greater  than  lOOX  of  normal  or  neC^-  Cur  suo.'erts  ware  actually  found  to 
have  a  greater  than  lOOX  pred;  taJ  .^fC  t.rea-:nlng  rctn  air  a.ne  halium- 
oxygan  mixtuxee.  Workman  else-  la.culated  a  aerrement  curve  with  tha 
subject  ozwething  a  92X  helium'll  :/<vg<r.  /ni^.-ure  wrerets  cur  auoject 
hreatbad  an  BOX  hallua>-20X  oxygen  mlrture  s*-c  et  .5  atmospheres  also 
breathed  95X  hellum-9X  oxyge.n.  Wvxxwe'i's  ^.SA.ulat.’ or.i  are  very  aimilar 
to  Miloe*  (l)  figures  calculated  utilizing  respiratory  gas  of  similar 
compoeitioni  hcarevex.  Miles  appeira  to  nave  made  an  trror  in  calculation 
at  tho  lower  pressures. 

4.3  Mead  (3)  has  shown,  in  actual  measurements  of  resistance  to  breathing 
on  a  limited  number  of  subjects  at  Increased  ambient  pressure,  that 
Rohrer's  equation  does  not  accurately  predict,  the  affect  of  changing 
denaity  and  viscosity  cn  tuzoule.nce.  '*oesd  n*  proposes  that  Reynolds's 
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number  more  adequately  expresses  the  gas  flow  resistance  in  the  respiratory 
tree.  Resistance  would  then  be  directly  proportional  to  the  density  and 
inversely  proportional  to  the  viscosity.  With  an  increased  density  there 
would  be  increased  turbulence,  however  with  increased  viscosity  the 
turbulence  would  actually  be  decreased.  The  net  effect  then  on  resistance 
would  be  proportional  to  the  ratio  of  density  to  viscosity,  or  to  the 
kinematic  viscosity. 

4.4  In  our  study  the  major  relationship  seemed  to  be  that  of  performance 
to  density.  In  the  helium  studies  the  reduction  in  the  percentage  of 
oxygen,  which  is  a  dense  gas,  and  increase  in  the  helium  fraction  rather 
dramatically  improved  the  performance.  The  effect  of  lowering  the  oxygen 
partial  pressure  on  respiratory  control  cannot  be  excluded;  however,  since 
the  effective  oxygen  partial  pressure  remained  lb%  of  one  atmosphere  this 
seems  less  likely.  The  mean  percentage  figures  for  each  of  the  media 

are  given  in  tables  3A,  3B,  and  4. 

4.5  Lanphier  (4,5)  observed  a  decreased  respiratory  minute  volume  (RMV) 
and  elevation  of  the  alveolar  and  blood  pC02  in  undenrater  swimmers.  He 
made  observations  on  several  subjects  with  varying  respiratory  media 
including  oxygen,  air,  helium-oxygen  (55-45jt)  and  nitrogen-oxygen  (55-45J0 
at  increasing  atmospheric  pressure  to  5  atm.  abs.  (l32  ft.  sea  water 
equivalent).  The  decrease  in  RMV  was  greatest  on  air  at  5  atmospheres  but 
was  decreased  in  proportion  to  the  normal  response  expected  for  the 
observed  alveolar  pC02  in  all  Instances.  The  exact  etiology  of  this 
depression  was  unclear  but  depressive  effects  of  nitrogen  on  the 
respiratory  center  and  Increased  breathing  resistance  were  suggested. 

It  is  unfortunate  that  mixtures  of  high  oxygen  content  were  selected  for 
comparison  since  this  produced  a  respiratory  mixture  of  high  density. 

4.6  Interpreted  in  the  light  of  presently  existing  data  the  finding  of 
a  decreased  RMV  in  underwater  swimmers  breathing  air  or  nitrogen-oxygen 
mixtures  is  not  surprising.  It  is  clear  that  the  total  work  required  for 
breathing  is  increased  in  terms  of  effort  expended  and  oxygen  consumed  in 
performing  respiratory  work  when  breathing  a  gas  of  high  density.  If  the 
efficiency  of  the  respiratory  muscles  is  comparable  at  hyperbaric  states 

to  that  of  the  emphysematous  patient,  as  is  the  alteration  in  the  respiratory 
pattern,  the  oxygen  requirement  to  move  the  same  volume  of  air  is  greatly 
increased.  Chemiack  (6)  has  shown  that  in  the  emphysematous  patient  the 
oxygen  cost  of  breathing  may  be  as  high  as  19.5  ml.  per  liter  of 
ventilation,  or  nearly  i6  times  the  normal  mean,  and  that  mean  efficiency 
of  a  similar  group  was  1.8%.  He  attributes  this  difference  to  a  greater 
work  load.  Other  investigators  have  shown  similar  figures  for  oxygen 
costs  of  breathing  with  slightly  lower  respiratory  muscle  efficiency. 

There  can  be  no  doubt  that  the  work  required  for  breathing  is  greater 
with  increased  density  of  gases.  Mead  (7)  attributes  a  part  of  this 
increased  work  requirement  to  inertia  of  the  air  with  increased  ambient 
pressure 

4.7  An  apparent  paradox  exists.  Even  with  the  Increased  breathing 
resistance  there  appears  to  remain  sufficient ventlla^ry  capacity  to 
meet  the  physiologic  needs,  at  least  for  mild  actlvify,  yet  the 
respiratory  effort  appears  insufficient  to  produce  adequate  alveolar 
ventilation.  As  a  consequency  the  alveolar  pC02  is  elevated  to  abnormal 
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TABLE  3  A  -  RESULTS  OF  MEASUREMEHTS  OF  VENTILATORY  DYNAMICS 


AT  PRESSURES  OF  1  -  15  ATMOSPHERES  ABSOLUTE, 
BREATHING  MEDIUM  -  AIR* 


Depth  in 

Percentage 

Percent  of 

Atmospheres 

Decrease 

Predicted 

Absolute 

M.B.C, 

1 

135, IX 

- 

24,7 

2 

22, 5X 

99, 3X 

7.8 

14.7 

3 

36. 5X 

81. OX 

9,9 

14  ,.3 

4 

43. ax 

71,8X 

8.5 

13.0 

6 

55, ax 

60, IX 

6,5 

10  6 

9 

60. 6X 

51.  IX 

4.6 

8,6 

15 

** 

75„4X 

34, ax 

4.0  _ 

7.5 

« 

N  =  11 

«* 

N  =  xO 


^  N  =  8 


Timed  Vital  Capacity 


1  sec. 

2  sec. 

3  sec. 

M,E,F. 

81,2X 

92. 3X 

96. 4X 

421  LPM 

Mean 

6,8 

3.6 

2.1 

54.6 

S.D. 

73, 9X 

89. 5X 

94. 3X 

313  LPM 

Mean 

9.5 

4.7 

3.3 

54.9 

S.D. 

70. 4X 

87. 5X 

94. IX 

271  LPM 

Mean 

7.1 

6.1 

4.3 

39.5 

S.D. 

68, IX 

86. 3X 

93. 2X 

266  LPM 

Mean 

6.4 

5.0 

4.0 

25.1 

S.D. 

62, 5X 

82. 4X 

90. 6X 

230  LPM 

Mean 

7,5 

6.3 

4,4 

22.6 

S.D. 

59. 4X 

81. IX 

91. 3X 

199  LPM 

Mean 

7.4 

7.2 

4.6 

21.6 

S.D. 

50. 9X^ 

77. 3X^ 

CO 

GO 

140  LPM* 

Mean 

6.5 

8.1 

6.5 

23,0 

S.D. 
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table  3  B  -  RESULTS  OF  MEASUREMEOTS  OF  VEWTILATORY  DYNAMICS 
AT  PRESSURES  OF  1  -  15  ATMOSPHERES  ABSOLUTE. 
BREATHIMj  medium  -  HELIUM  OXYGEN  ( 8C5IS-20JK)  * 


Depth  in 
Atmospheres 

PMYCentage 

Decrease 

Percent  of 

Predicted  Timed  Vital  i 
— M-B.C. Lsec .  2  sec 

Capacity 

.  3  sec. 

M.c.F 

1 

- 

171 .555 

85.0% 

93.7% 

97.0% 

548  LPM 

Mean 

- 

32.9 

5.3 

3.4 

2.2 

76.8 

S.D. 

2 

i8,ex 

132.a5lf 

81.6% 

92.3% 

95.9% 

407  LPM 

Mean 

5.3 

18.0 

6.2 

4.2 

3.0 

84.2 

S.D. . 

3 

29.5J< 

114.8^ 

77.9% 

90.8% 

95.3% 

370  LPM 

Mean 

5.7 

17.4 

7.1 

3.5 

2.5 

60.0 

S.D. 

4 

36. 

103.5% 

78.2 

91.4% 

96.  C% 

351  LPM 

Mean 

4.9 

16.8 

7.2 

4.8 

2.6 

48.7 

S.D. 

t 

44. 2X 

95.8% 

73.3% 

88.6% 

94.6% 

310  LPM 

Mean 

5.2 

15.3 

9.1 

5.8 

3.7 

32.4 

S.D. 

9 

53.6X 

78.8% 

68.8% 

87.5% 

93.9% 

264  LPM 

Mean 

5.9 

10.7 

7.0 

5.1 

3.5 

34.3 

S.D. 

15 

66.0«** 

59,C% 

66.1%*" 

85.8%**96.-«** 

223  LPM 

Mean 

4.B 

12.4 

6.2 

11.2 

2.6 

21.2 

S.D. 

*  M  =  11 

«* 

N  =  10 
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TABLE  4  -  RESULTS  OF  MEASUREMENTS  OF  VENTILATORY  DYNAMICS 
AT  PRESSURE  OF  15  ATMOSPHERES  ABSOLUTE. 
BREATHING  MEDIUM  -  HELIUM-OXYGEN  (9b%-*>%)* 


Mean 

S.D, 

Percentage  decrease  in  M.B.C. 

54.« 

6.0 

Percent  of  predicted  M.B.C. 

76.8* 

11.9 

Timed  vital  capacity 

1  second  « 

70.9% 

8.2 

2  seconds 

89.7% 

3.5 

3  seconds 

96.3% 

2.6 

Maximum  expiratory  flow 

281  LPM 

38.4 

* 

N  =  9 


-18- 


and  even  dangerously  high  levels^  A  comparable  pC02  in  the  normal 
individual  at  i  atmosphere  absolute  would  evoke  a  maximum  ventilatory 
response;  near  7b  to  100  LPM.  In  tne  underwater  swimmer  at  increased 
barometric  pressure  however  there  is  only  a  slight  increase  in  the  RMV. 
Several  possible  explanations  exist.  First,  there  may  ce  an  altered 
responsiveness  to  ventilatory  stimuli  due  to  tne  effect  of  increased 
barometric  pressure  per  se.  Secondly,  the  narcotic  effect  cf  tne 
nitrogen  may  selectively  depress  the  responsiveness  of  the  respiratory 
center.  Thirdly,  the  respiratory  center  may  nave  adapted  to  a  higher 
pC02.  Lastly,  factors  not  custonaril/  coivsidered  of  importance  In 
respirator-'  regulation  at  1  atmcsphere  me/  play  a  much  greater  role  when 
the  subject  is  exposed  to  hyperbaric  pressure-, 

4.8  Zocche,  Fritts,  and  Cournar.d  '8)  have  shewn  that  only  about  of 

the  MBC  is  available  for  prclcnged  ’entil'-t^on  and  -Ihat  '.r.is  cannot  be 

maintained  over  indefinite  perieds  o'  tine.  If  Oxu^r.  to  the  limit 

of  capability  the  respiratory  centei  respc.'-ds  by  accepting  a  less  than 
adequate  alveolar  ventilation  In  order  to  reduce  the  work,  Cherniack 
and  Snidal  (9)  and  Eldridge  and  Davis  <10'  found  this  compromise  between 
total  work  and  accepted  eiveciar  pC02  in  ctheiwise  normal  suojects  whose 
MBC  had  been  decreased  by  aitif*c?al  obstructior.c  but  whose  response  of 
C02  inhalation  fell  far  below  tht  -t.Ml lato'ry  capaoility,  Zechman, 

et  al  ill!  noted  that  oredad  airway  resistance  nad  only  a  small  effect 
on  respiratory  flow  rates  ir.  suojacts  at  lest  but  coring  periods  of 
greater  ventilator-j  demands  a  oramati*.  etfeer  or  total  flew  rastriction 
and  alveolar  gas  composltio.i  was  observed  Trsre  was  a  rising  alveolar 
pC02  even  tnough  the  respirator-,'  apos.-atat  was  potentially  capaole  of 
greater  ventilator,  response,  '.Vs  commo-i  ractor  ’,n  .-s-itilatcr/  respon¬ 
siveness  In  each  of  these  s-.udias  and  -oe  stoe'es  on  emph-ysematoos 
patients  is  the  oxygen  cost  of  crta+.-.ing  il?..  12). 

4.9  The  control  of  respiration,,  xt.ei  scpeais  not  L•^  be  rela-:ed  to  actual 
responsiveness  to  pC02  nor  is  it  a  r--.'c;t'C,-  of  mecnanica.  1-imitsticn  per 
se.  Rather  it  seems  -lo  be  reiatec  tc  th'’  wctk  rcr,ulre-3  breathing  as 
measured  by  oxygen  cost.,  that  i?  .t*'e  blciogicai  economy  of  t'-e  respiratory 
apparatus. 

4.10  Lanphier's  suojects  demenstxateu  s  mere  martfed  decreased  responsiveness 

than  might  have  been  expected  fro.r  cre  sdeed  work  of  breathing  alone.  This 
may  have  been  due  to  the  respirs'.or/  ea..pmert  used  cr  may  also  have  been 
due  to  the  specific  respiratory  mecl-*  To  all  instaccos  the  oxygen 

partial  pressure  was  from  10-2^  tc  200^  of  one  atmosphere.  Norma'; iy, 

at  1  atmosphere  absolute,  tne  respi-ratcry  o’:  ive  is  relatively  1 -.cepandent 
of  the  Oxyyeri  level  except  w'le'i  tie  part' a.  pxess-cre  l.a.IO  weil  below  one 
fifth  of  an  atmosphere.  Hign  pvyge  r'rescuros  in  the  tmal  i.-olvidval 
has  little  if  any  effect,  anc  if  ar,  effect  Is  present,  tnere  tiay  be  a 
slight  increase  in  the  RMV,  pcssiciy  due  tc  irritation  of  the  tracneo- 
bronchial  mucosa  by  the  dry  oxygen  or  a-,  increased  alert.oess  O'  the 
cerebral  level.  The  effect  of  cxvgeri  in  cieoressing  the  resPi-”atlo.''i 
in  patients  with  chronic  pulmonary  disease  has  been  of  i.'.terest  since 
Beddard  and  Pembrey  ci4’t  published  their  ebservatiers  lo  1908.  Stuoies 
by  Richards,  Fritts,  and  Davis  (ll)  arii  p,  Bre-dootky,  Macdcmeli,  and 
Cherniack  (l6)  Indicate  that  the  cepressioo  of  respiration  frsciuently 
observed  in  the  emphyseriiotcu j  psticnt  is  -Ucuail-y  depe.-.de.nt  upon  eitr.ei 
a  marked  nypercapnia  or  hypoxia,  Of  greatar  significance  In  the 


respiratory  response  to  hloh  oxypen  partial  presturec  Is  work  of  breathlnq 
and  the  total  work  belnn  oer^orfr.ed  as  demonstrated  by  Bannister  and 

Cunninoham  (17)  and  by  Llovd,  Jukes,  and  Cunninoham  (18),  The  effect  of 
inr??  oxypen  on  ventilation  durlno  exhaustive  exercise  was  a  decrease  In 
RVV  and  rise  In  alveolar  nCOa.  The  oresence  of  even  a  small  decreask 
In  alveolar  n02  nroduc**  I  n  rrneter  increase  in  ventilation  from  a 
particular  alVeoiar  nCO^  or  from  exercise. 


4,11  '.Vhen  the  work  of  hreathinq  is  Increased,  the  presence  of  a  normal 
or  slightly  decreased  a'"<'o'ar  nO^  may  be  of  oreat  importance.  The 
removal  of  this  stimulus  bv  hyneroxla  miViPlav  a  very  significant  role 
In  production  o*  ;  hyooventl lation  and  hyoercaonla.  That  this  alteration 
In  respiratory  center  does  rot  reouire  a  nrolonoed  period  of  adaptation 
b’Jt  may  be  present  witlV’f.  .t*-  least  as  short  a  time  as  thirty  minutes 
has  beeri  deronstroted  b*-  l  -.rre'-t  and  Peters  (lo). 


•s.  co'CLiisio  r; 

'i.i  fb**  caoac'tv  o'  t}ie  v'ratory  snnaratus  Is  markedly  diminished  by 
30  ircr''a«'5.nrt  deo'-’^v  of  the  respiratory  media  b»jt  not  in  a  linear  fashion. 
Tho  i.i'«  of  a  n;;s  •.»* th  «  hlrh  vlscosltv  and  low  density  greatly  Imofoves 
the  r.f!n3‘'- ■  ? '■V  of  the  resniratory  nun-''. 

b.2  Tb<»  decTon«-e-}  ca»'?.c*ty  of  the  reso'ratory  annaratus  is  nrobahly  the 
result  incro-'sod  lorb  of  breithiro  nroduced  by  increased  turbulence 
of  the  dense  cases.  Prrvioissly  obser\»ed  alterations  in  the  RMV  and 
hypercrip'’ 'a  !r  • '^der-vater  swimmers  at  several  atmosoheres  pressure  can 
nrobe'’lv  ’■  «  «yo’ aired  bv  the  greater  oxvoen  cost  of  breathing  and 
the  h*.'*'«»Toxir.  o"er.t  o''  resniratory  cootro'  rather  than  by  narcotic. 
dporepsloT  o"  '■e- -i»r«toTv  center  bv  either  rltrooen  or  carbon  dibxidet 
at  te  !•  >  o.«’  ir  tlr  •'ic'ure. 

‘'>.3  The  '■i  r:i'!ca’'*.p  of  the  decreased  '^‘*7  and  hvoercaonia  In  the  oresence 
of  hv'e^oxia  Ts  eliators  of  oxyoen  toxicity  convulsions  In  underwater 
'wirre*-'-  is  not  nro -en  hut  seens  high'v  nrohahle.  The  usf  of  helium* 
oxyceo  mfr'-i  re*  rjs'-he'r  than  nltToqe~-oxv»T»n  mixtures  as  tite  respiratory 
red**.’*  in  '•  ecialired  underwater  hreathlno  •eoi’*o!rent  seeir.!|  highly  desirable. 

5.4  Further  investlertlon  should  be  done  to  eccoraolish  aotuel  work  of 
breathino  ffie.*‘->rerv»nts,  C02  and  02  resnonse,  and  R^'V  and  pC02  measurements 
under  similar  cord’ ti ops,  Vfork  it  this  laboratory  is  nreeently  being 
•sndertaben  to  f’jrther  e’'a''uate  these  nara‘*eters, 

6.  RECaWE!«>tTIOy3 

fc.l  ‘'Utronen-oxyeen  mixture  in  scuba  diving  be  abendoned  and  helium* 
oxvoen  m'xtures  be  used  exclusively. in  mixed  gas  scuba. 

f  .2  ■  d***es  *n  sou»>a  apparatus  which  are  greater  than  100  ft,  in  depth 

and  of  sufficleht  duration  so  at  to  require  decomoression  be  made  with 
m*x€vj  gas  scuba  apparatus, 

C.3  Immediate  investigation  at  EDU  be  directed  toward,  development  of 
K"Q2  decomnresslon  tables  for  mixed  gas  scuba. 
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6.4  Rtttarch  into  equipaent  design  end  engineering  be  initiated  for  the 
developawnt  of  more  satisfactory  aixed-gas  equi;;Mnt. 

6.6  Current  research  in  underwater  physiology  be  dirf;-  t'wrard  actual 
SMasurenent  of  work  of  breathing,  CC^  and  O2  response,  ano  ^UV  and  pC02 
■easureaents  in  a  coaparative  study  with  air,  N2^,  0^  ^>02  other 

coabinations  of  these  and  other  inert  gases. 

6.6  Concurrent  observations  be  aade  of  the  relationship  between  the 
above  factors  and  decoapression,  oxygen  toxicity,  oxygi'  corsuaption, 
and  narcosis. 
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